Intestinal brush border membranes from 1-day-old and 4-week-old (day of weaning) pigs were affinity labeled with an Escherichia coli heat-stable enterotoxin (STa) by cross-linking '25I-STa to receptor proteins with disuccinimidyl suberate. Analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography revealed that a radioactive protein with a relative molecular weight of 137,000 to 145,000 was present in both age groups. A strongly radioactive protein with an apparent Mr of 90,000 was present in the 1-day-old animals but not in those that were 4 weeks old. The major radioactive protein present in the older pigs had an Mr of 64,000 to 67,000, but this protein was missing or very weakly radioactive in the younger pigs. There was no significant difference between the groups in receptor affinity for STa, although the receptor density in the older animals was marginally significantly greater. STa-stimulated guanylate cyclase activity in membranes from 1-day-old pigs was only one-sixth that in 4-week-old pigs, although the basal and L4brol PX-stimulated activities were similar.
found a sin'gle class of receptors with a Ka of approximately 9 x 10-8 M.
The binding of STa to its receptor activates microvillous guanylate cyclase but not other soluble or partipulate guanylate cyclases (9, 19, 29) . Rao and Field (28) and de Jonge (6) have reviewed the evidence supporti'ng this activation as the single initial event resulting in intestinal ion secretion. There are three groups of peptides that canr activate a plasma membrane form of guanylate Cyclase: the sperm-stimulating peptides, the atrial natriuretic peptides (ANP) , and the STas (11) . The receptors of the first two groups of peptides copurified with guanylate cyclase, and from these and other results obtained from cross-linking experiments, it was concluded that guanylate cyclase tis the receptor. While it was proposed earlier that the STa, receptpr and the guanylate cyclase extracted from rat intestinal brush borders were on separate proteins (23) , recent evidence is that this guanylate cyclase resembles the other guanylate cyclases and is also the receptor (31) . The present model of activation suggests that the binding of STa to the extracellular receptor domain of this transmembrane protein stimulates the catalytic activity located in a C-terminal intracellular domain (11) .
* Corresponding author.
Previous studies on the effect of age on this system revealed that the immature (14-and 21-day-old) rat jejunum was much more sensitive to the secretory effect of STa than was that of the adult (4) . More receptors were present in the jejunal membranes from the younger animals than from the adult animals, although STa-induced stimulation of guanylate cyclase increased with increasing age. These investigators found an opposite effect in children, with STa stimulation of guanylate cyclase in small intestinal membranes decreasing with age (17) . They also found that, like rats, infants had a higher receptor density on both small intestinal and colonic membranes and that the number of receptors rapidly decreased with increasing age (3) . The present study further explores the increased susceptibility of infants and young mammals to enterotoxigenic E. coli (16) by reporting an age-dependent difference in the sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) patterns of pig intestinal membranes after affinity labeling of STa receptors.
MATERIALS AND METHODS
Brush border membrane vesicles. Cross-bred pigs of Duroc, Landrace, and Yorkshire descent were obtained from the University of Missouri Swine Research Complex. Each pig was from a different sow, and the seven pigs used were sired by four different boars.
Both 1-day-old and 4-week-old (day of weaning) male pigs were anesthetized with CO2 and exsanguinated. The entire jejunum was removed and everted, and the segments were washed in cold 1.8% NaCl in a cold room. We have previously described the procedure used for the isolation of brush border membranes (8) , a modification of the method of Gerke and Weber (13 were supplemented with 0.2 mM phenylmethylsulfonyl fluoride, which was added from a freshly prepared 1,000-fold concentrate in dimethyl sulfoxide. The solution used for differential centrifugation (solution I: 75 mM KCI, 0.2 mM MgCI2, 1 mM EGTA, 10 mM imidazole, 0.02% NaN3 [pH 7.3]) contained a protease inhibitor mixture consisting of 0.2 mM phenylmethylsulfonyl fluoride, leupeptin (1 ,ug/ml), pepstatin A (2.5 ,ug/ml), and aprotinin (5 ,ug/ml), which were also added from a 1,000-fold concentrate in dimethyl sulfoxide (stored frozen). The final pellets were suspended in 20% glycerol containing 2 mM dithiothreitol and stored in liquid N2 in small aliquots. In all of the succeeding centrifugations (performed at 4°C), we used a Beckman type 70.1 Ti rotor at 50,000 rpm, giving a relative average centrifugal field of 171,360 x g. We will therefore only note the run time. Before use, the membranes were thawed in ice, diluted approximately 50-fold with ice-cold water, sedimented for 20 min, resuspended in ice-cold water, and briefly sonicated to a uniform suspension. Protein was determined by a bicinchoninic acid method (21) with bovine plasma albumin as the standard.
1'5I-STa binding. The procedures of Thompson et al. (34) were used for radioiodination of STa and for purification by reverse-phase chromatography of the 125I-STa monoiodinated in the 4-tyrosine position. We assumed a specific activity of 1,200 Ci/mmol (34) in our calculations. 125I-STa was bound to brush border membranes in polypropylene tubes containing 0.1 ml of a mixture consisting of 50 mM Tris-HCI (pH 7.6), 0.1 mM EDTA, 0.1% bacitracin, 10 mM sodium azide, 9 mM MgCl2, and 270 to 300 pM 125I-STa. Six to 9 ,ug of membrane protein was incubated with increasing concentrations of unlabeled STa at 37°C for 80 min (to steady-state binding). Incubation was terminated by placing the tubes in ice-cold water. A Brandel harvester was used to separate membrane-bound from free 1251I-STa by washing of the contents of each tube onto a Whatman GF/B filter three times, each time with approximately 5 ml of ice-cold 50 mM Tris-HCI (pH 7.6) containing 10 mM MgCI2. The filters had been presoaked in 0.3% polyethyleneimine for 1 to 2 h. The radioactivity on the filters was determined in a gamma counter. Determinations were made in triplicate and presented as means. The standard deviations of the triplicates was less than 3% for uninhibited binding. Binding data were evaluated by computer-assisted nonlinear regression analysis, assuming a single set of binding sites (GraphPAD InPlot, version 3.14, 1990; GraphPAD Software, San Diego, Calif.).
STa binding capacity (Bmax) was calculated assuming that the Kd for 125I-STa was the same as that for STa.
Cross-linking of '251-STa to its receptor. 125I-STa was bound to its receptor in ultracentrifuge tubes by incubating 500 to 600 jig of membrane protein in 1 ml of binding mixture at 37°C for 30 min. To each tube was added 5 ml of ice-cold 5 mM EDTA in 10 mM potassium phosphate buffer (pH 7.2), and the tube was centrifuged for 25 min. The pellets were resuspended by sonication in 990 ,ul of the same buffer, and to each suspension was added 10 ,u1 of 10 mM disuccinimidyl suberate (DSS) dissolved in dimethyl sulfoxide to yield a final DSS concentration of 0.1 mM. The tubes were left on ice for 30 min, with constant slow shaking, the reactions were quenched by the addition of 4 ml of ice-cold 0.1 M Tris-HCl (pH 7.6) containing 5 mM EDTA, and the tubes were centrifuged for 30 min. The pellets were resuspended in 0.1 ml of electrophoresis sample buffer (24) and stored frozen overnight.
SDS-PAGE and autoradiography. SDS-PAGE and autoradiography were performed as described by Laemmli (24) with a 3% stacking gel and a separating gel (1.5 by 85 mm) containing a S to 12% linear polyacrylamide gradient. The samples, suspended in electrophoresis sample buffer (24) , were placed in boiling water for 4 to 5 min; after cooling, portions of the solutions were applied to the gels, along with molecular mass standards consisting of myosin (205 kDa initiated by the addition of cold enzyme to the reaction mixture prewarmed to 30°C and were terminated after 10 min by the addition of 0.15 ml of 1 N perchloric acid. The cyclic [32P]GMP formed was purified by sequential chromatography on Dowex 50 and alumina columns (36) and counted. Determinations were made in triplicate and presented as means. The standard deviations of the triplicates was less than 5% for activated enzyme. Statistical analysis. The significance of the mean differences between the determinations for 1-day-old pigs and 4-week-old pigs is given as a two-tailed P value. P values were calculated from unpaired t tests with the computer program GraphPAD InStat, version 1.0, 1989; GraphPAD Software).
Materials. STa was obtained from Sigma, as were the molecular mass standards and undesignated biochemicals. Purified Lubrol PX and DSS were from Pierce. Research Organics provided dithiothreitol and reagents for SDS-PAGE. Serva Blue R stain was from Serva Biochemicals. The reagent sources for the guanylate cyclase determinations have been described previously (36) . Na1251, carrier free, 350 to 600 mCi/ml, was from Amersham. Figure 1 shows the autoradiographs comparing the SDS-PAGE patterns obtained after affinity labeling of the STa receptors in intestinal membranes from 4-week-old and 1-day-old pigs. All of the samples showed a radioactive protein with an Mr of 137,000 to 145,000. The greatest radioactivity was associated with a protein with an Mr of 64,000 to 67,000 which was found in the 4-week-old pigs but which was absent or weakly radioactive in the 1-day-old pigs. One of the 4-week-old pigs (no. 3) showed an additional strong band at an Mr of 84,000 which may have also been present in smaller amounts in the other two pigs. All of the 1-day-old pigs showed a strongly radioactive protein at an Mr of 90,000, but this protein was absent or very weakly radioactive (pig no. 3) in the older pigs. We exposed these gels for 75 h to detect any of the 64,000-to 67,000-Mr protein present in the 1-day-old animals. However, this procedure had the disadvantage that it diminished the detectable difference between the 64,000-to 67,000-Mr protein and the other radioactive proteins. With a shorter exposure time, the 64,000-to 67,000-Mr protein predominated. Ta both in the absence (-) and groups in either basal activity or activity determined in the Ta and then cross-linked with presence of the nonionic detergent Lubrol PX (Table 1) . We Methods. Electrophoresis was have used Lubrol PX as a nonspecific activator of membramately equal amounts of radionous guanylate cyclase (37) and have usually found with if radioactivity corresponded to brush border membranes that STa-stimulated activity is )rotein for each of the prepara-115 ,ug;5,f91 eg; 6,131 upg; and higher than Lubrol PX-stimulated activity (7, 8) . This was ate the positions of molecular the case for the membranes from the 4-week-old pigs used ls). This is a composite photohere (Table 1) , the mean STa-stimulated activity being 59% higher than the mean Lubrol PX-stimulated activity. However, with the 1-day-old pigs the situation was reversed, the mean Lubrol PX-stimulated activity being nearly threefold q-nerfnrmed with 1 () mM higher than the mean STa-stimulated activity.
RESULTS
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wa3 "IV,ivilllku WILII 1.V II11VX rather than 0.1 mM DSS. However, a considerable portion of the radioactivity did not enter the gel at the higher cross-linker concentration. Figure 2 shows the results of a series of competitive binding experiments performed with the same membranes as those used for affinity labeling in Fig. 1 ; the steady-state binding of 1251I-STa was inhibited by increasing concentrations of unlabeled STa. The curves shown are the averages of the results for each group of animals. There was only a small shift in the displacement curve, and the difference between the calculated 50% effective concentrations for both groups was not significant (Table 1) . These results suggest that the affinities of all the membranes for STa were similar. Other workers found no age dependence of binding affinity in We assume that the radioactive protein that was seen in all membranes ( Fig. 1) and that had a relative molecular weight of 137,000 to 145,000 is GC-C cloned by Schulz et al. (31) . However, there was no detectable difference in radioactive affinity labeling that might account for the huge difference in STa-stimulated activity between 1-day-old and 4-week-old pigs (Table 1) . If the 137,000-to 145,000-Mr protein is the STa-stimulated guanylate cyclase, then there must be a second protein which is necessary for the full response to STa and which is deficient in the 1-day-old pigs. Another possibility is that the 137,000-to 145,000-M, protein is not GC-C but is either another receptor without catalytic activity or a protein which is closely associated with the receptor and which is cross-linked to 125I-STa (33 c Difference between means of both groups not significant (P > 0.05). d Difference between means of both groups marginally significant (P = 0.0582). e Difference between means of both groups very significant (P = 0.0060).
lytic processing during membrane purification, particularly with membranes from older animals, or they may have resulted from changes in proteins which are associated with the STa receptor but which are not themselves receptors (33) . Another possibility is that the age-dependent changes in affinity labeling reflect changes in receptors other than the 137,000-to 145,000-Mr receptor. A pertinent analogy may be made with the receptor for ANP. There are two functionally distinct classes of ANP receptors, B-ANP (or R1-ANP) and C-ANP (or R2-ANP). The first (Mr, 135,000) was copurified with guanylate cyclase (22) , and the second (Mr, 60,000) had no guanylate cyclase activity (32). Maack et al. (25) advanced the idea that the cyclase-free receptor is a clearance receptor whose function is to absorb excess ANP and either to eliminate it from the circulation or to store and slowly release it. C-ANP receptors also constitute the majority of the total ANP receptor population in most cells and tissues (25) . The 64,000-to 67,000-Mr protein which was crosslinked to 125I-STa and which we detected in 4-day-old pigs is similar to C-ANP receptors in relative molecular mass. Since GC-C is an STa receptor (31) and is therefore analogous to B-ANP receptors (22) , it appears possible that the 64,000-to 67,000-Mr protein is a clearance receptor, either by itself or in association with another protein. If so, then the 90,000-Mr protein seen in the 1-day-old pigs may be an immature precursor. While we could not detect a difference in affinity for 1251I-STa between 1-day-old and 4-week-old membranes (Fig. 2) , the use of competitive binding to estimate affinities is only applicable with great difficulty when a mixed population of specific binding proteins exists (5) . It is noteworthy that both the B-ANP and the C-ANP receptors had similar affinities for the longer ANP, and a difference was only detected with the C-terminally truncated ANP analogs (30) . In a recent paper, Mezoff et al. (26) reported similar studies with pigs. Their pigs were weaned at 3 weeks of age rather than at 4 weeks of age, as in our herd. They also made a distinction between unweaned pigs and animals weaned 3 days before sacrifice. Since we always sacrificed our animals on the day of weaning, we will make our comparison with the 3-week-old unweaned pigs. Finally, they grouped together animals from 1 to 7 days of age (calling this group "immature"), whereas we used exclusively 1-day-old animals. Their results showed, as did ours ( Fig. 1 and Table 1) , no difference between these age groups in the 50% effective concentrations obtained by competitive binding. Bmax was higher in their immature group than in their 3-week-old group, a result which our data, expressed as receptor density, also support (Table 1) .
These authors carried out affinity labeling of STa receptors with 125I-STa and the photoaffinity cross-linker N-hydroxysuccinimidyl-4-azidobenzoate. Like us (we used DSS), they showed that a 160,000-Mr band was present in both the 1-day-old and the 3-week-old pigs; this band corresponded to the 137,000-to 145,000-Mr band that we found. They also found that in the 1-day-old pigs there was a radiolabeled band at an Mr of 84,000 (corresponding to our 90,000-Mr band) and that there was no band corresponding to the 62,000-to 66,000-Mr band (our 64,000-to 67,000-Mr band) seen in the older animals. It will be important to perform similar studies both before and a few days after birth, since it is possible that the unique pattern of the 1-day-old pigs ( Fig. 1) represents the persistence of a fetal pattern. It should be mentioned that the apparent MrS of these proteins change with alterations in electrophoretic conditions. With uniform 7.5 and 10% polyacrylamide gels rather than 5 to 12% gradient gels (Fig. 1) , we found that the 64,000-to 67,000-Mr and 84,000-Mr proteins in the 4-week-old pigs ran at Mrs of 55,000 to 60,000 and 70,000 to 80,000, respectively. The variations in the patterns shown in Fig. 1 for 4 -week-old pigs are representative of SDS-PAGE patterns that we have found (unpublished observations).
Other workers using rat intestinal membranes but otherwise using binding conditions similar to ours and DSS as a cross-linker detected radioactive proteins migrating with similar molecular masses (20, 23, 33) . In gel filtration and sedimentation studies with Lubrol PX-solubilized membranes, the binding activity migrated with an apparent molecular weight of 200,000 to 240,000 (23, 35) . It has therefore been assumed that the smaller 125I-labeled proteins identified are part of a receptor complex (12, 20, 23, 33, 35) .
Our data differ markedly from those of Mezoff et al. (26) with respect to STa-stimulated guanylate cyclase activity, since we found that the mean STa-stimulated activity of the 1-day-old pigs was only one-sixth that of the 4-week-old pigs, while Mezoff et al. (26) reported that this activity in immature pigs was double that in 3-week-old pigs. While the STa concentration that we used (0.1 ,uM) was not as high as the highest concentration used by Mezoff et al. (26) (1.5 ,uM), the dose-response curve plateaus in this range and the relative activities in the different age groups did not change. There were eight pigs in the group classified as immature by Mezoff et al. (26) ; however, the number of 1-day-old pigs included was not reported. Since these authors showed that the affinity labeling pattern changed between 1 and 5 days of age, it appears possible that STa-stimulated guanylate cyclase activity also changed and that a small number of low 1-day values were averaged into a larger number of high values. It should be noted that the maximal STa-stimulated activity for 3-week-old pigs reported by Mezoff et al. (26) was approximately one-third of the value that we reported for 4-week-old pigs. While this difference may have been due to the age difference, it may also have resulted from their use of frozen and thawed jejunum for the preparation of brush border membranes, while our membranes were prepared from fresh tissue. We have found the guanylate cyclase activity of these membranes to be very sensitive to prewarming (8) .
There are two types of colibacillary diarrhea in piglets, neonatal and postweaning, and E. coli producing only STa has been reported to be involved in 25% of the neonatal type and 33% of the postweaning type in Japan (27) . Our studies were done with pigs of the ages involved, and we found marked differences between the two groups in both STastimulated guanylate cyclase activity and affinity labeling patterns. Since nothing is known about the regulation and processing of the STa receptor or about the mechanism of guanylate cyclase activation, it is premature to speculate on the relationship of our observations to the two types of diarrhea.
